The design, the synthesis and the study of the antioxidant and vasodilating properties of new hybrids obtained by linking different antioxidant phenolic moieties to the furoxan substructure present in CHF2363, which can release nitric oxide, are described. All the final NO-phenols were endowed with both antioxidant and vasodilating properties. The antioxidant activities were assessed on the ferrous salt/ascorbate induced autooxidation of lipids present in microsomial membranes of rat hepatocytes. The vasodilating activities were assessed on rat aorta strips precontracted with phenylephrine, in the presence and absence of ODQ. The antioxidant potencies (IC 50 values) and the vasodilating potencies (EC 50 values) were widely modulated into the series. Further in vivo studies should clarify whether these products may become preclinical candidates for the treatment of atherosclerosis and related disorders.
Furoxan, is an old heterocycle known to chemists thanks to an argument over its structure and its intriguing chemistry (see Chart 1) . NMR spectroscopy and X-ray crystallography resolved the problem of its structure and showed that it is the 1,2,5-oxadiazole 2-oxide, 1.
1 Furoxan derivatives can consequently exist as a pair of position isomers when the substituents at the ring are different. The controversy over its structure, its chemistry, and the reactivity of its side-chain functional groups, have been exhaustively reviewed [2] [3] [4] [5] and are also the subject of a very complete two-volume monograph. 6, 7 O N + N O
1

Chart 1
The capacity of activating soluble guanylate cyclase (sGC) by furoxans was showed by our group working with phenylsulphonylfuroxan derivatives. 8 It was hypothesised that these products released nitric oxide (NO) with consequent sGC activation. Simultaneously Feelish found that a similar activation was triggered by furoxancarboxamides and proved its dependence on NO release. 9 He showed that these derivatives produce NO when dissolved in physiological solution in the presence of thiols. Among the reaction products, they isolated nitrite and, in lesser amounts, nitrate, which are the final oxidation products of nitric oxide in aerobic water solution. They also evidenced that S-nitrosothiols as intermediates could be produced following a marked pH-dependence and that when using L-Cysteine the rate of NO formation increased as the LCys/furoxan ratio increased and became constant for ratios above 50:1. A mechanism to justify their findings was proposed which implies the attack of the thiolate anion on the 3-or/and the 4-position of the ring. When the reaction between 4-phenyl-3-furoxancarbonitrile and an excess of thiophenol in water solution at physiological pH was closely investigated by our group, 10 a mechanism was suggested in which the attack of the thiolate anion occurred principally on the 3-position of the furoxan ring. Nitrosothiol intermediates formation, which can decompose giving NO, could be explained as well as the formation of other reaction products by this hypothesis. Interestingly, some furoxans can also produce NO, detected as nitrite, spontaneously without the assistance of thiols. 11 In conclusion, either thiol-induced or spontaneous NO-release from furoxans, depending on the substituent at the ring, can occur at physiological pH values through complex mechanisms still in need of thorough investigation. In addition, both the rate and the amount of nitric oxide generated can be modulated by introducing appropriate substituents at the ring. NO-release from furoxans in cells and tissues could also occur through enzymatic activation: this for example cannot be excluded for furoxans such as some furoxancarboxamide derivatives. 12 Many furoxan derivatives display typical NO-donor dependent biological activities. 13, 14 In particular, the presence at the 3-position of the furoxan ring of electron-withdrawing substituents such as NO 2 , CN and SO 2 C 6 H 5 induced potent activating action of sGC, triggering both antiaggregatory on collagen-induced human platelet aggregation and vasodilating activity on rabbit aorta rings precontracted with noradrenaline. This was in keeping with the hypothesis that the thiol induced NO-release from furoxans in physiological solution is due to an initial nucleophilic attack on the ring by the thiolate anion.
In any case, these findings generated a renewed interest in the properties of this heterocycle, both by academia and industry. 1 In fact NO is a physiological messenger involved in a wide range of biological functions. 15 In particular NO exerts potent effects on vascular homeostasis, such as smooth muscle relaxation, inhibition of platelet adherence and aggregation, as well as attenuation of monocyte infiltration.
Atherosclerosis: a new therapeutic strategy with NO-Donor Antioxidants
Atherosclerosis is the main cause of morbidity and mortality in the western society. The main cause that triggers the atherosclerotic process is known to be "oxidative stress". ROS (reactive oxygen species) are continuously produced in cellular metabolism through different pathways, but they are normally kept in physiological concentrations by the organism's pool of antioxidant defences. After an abnormal production of ROS, this balance between the prooxidant/antioxidant status in the organism can be perturbed and a situation, called "oxidative stress" can arise. A prolonged situation of oxidative stress leads to cellular damage, due to alteration of lipids, enzymes, proteins and DNA. 16, 17 In atherosclerosis an abnormal production of superoxide anion (O 2 -• ) by the endothelium has been observed. Hydrogen peroxide is formed from this radical, under the action of the superoxide dismutase (SOD). Hydrogen peroxide is in turn a source of the very toxic hydroxyl radical (OH•) through Fenton and Haber-Weiss reactions. Under the action of this radical, low density lipoproteins (LDL), accumulated in the subendothelial space, can undergo oxidative modifications and this is the first step of a complex process which leads first to the formation of foam cells, then of the fatty streak and ultimately to atherosclerotic plaque.
In the mean time in the atherosclerotic vessel the endothelial dysfunction involves the attenuation of the effects mediated by endothelial nitric oxide (NO), such as vascular smooth muscle relaxation, inhibition of platelet adhesion and aggregation and of monocyte infiltration. This impairment of NO mediated bioactions could be derived from a reduced NO biosynthesis by endothelial NOS, at least in the advanced stages of atherosclerosis disease, or from increased inactivation of NO by the action of oxygen free radicals, or from a decreased responsiveness of cellular targets to NO. Again the excess O 2 -• may be responsible for: 1) the trapping of nitric oxide to generate peroxynitrite (-OONO) which, in turn, can afford two very reactive and toxic radicals, the OH• and the nitrogen dioxide radical (NO 2 •); 2) reaction with thiol residues of proteins. The consequent inactivation of these residues, normally involved in S-nitrosylation, prevents this reaction from occurring, thus resulting in the perturbation of this signalling mechanism with the consequent decrease of vessel responsiveness to NO•. [18] [19] [20] By contrast there is experimental evidence that, at least in vitro, the responsiveness to the vasodilating action of exogenous NO released by NO-donors, such as glyceryl trinitrate and nitroprusside, is largely preserved and that the effects mediated by endogenous NO could be reconstituted/mimicked. This is most likely due to the relatively high doses of the compounds used in the experiments with respect to physiologically produced NO concentrations. 20 
The design of a new series of NO-Donor Antioxidants
From this picture the interest of joining an antioxidant moiety and the structure of a NO-donor in the same hybrid molecule clearly emerges.
With this rational in mind a project aimed at the realization of this class of new molecular hybrids was started. The choice of the reference models used in this chemical hybridisation approach was aimed at obtaining hybrids, characterised by extensively modulated antioxidant and vasodilating potencies.
For the antioxidant action our choice was directed towards classical antioxidant molecules, which differ in terms of lipophilic properties, mechanisms of action, etc. such as phenols, vitamin C, melatonin, isoflavones, 1,4-dihydropyridines, while for the NO-donor the choice was directed both at nitrooxy functions and to the furoxan ring.
In this paper we discuss some preliminary results obtained from characterization of hybrids in which appropriately selected phenols, distinguished by their largely modulated lipophilicity 21 and -O-H bond dissociation energy (BDE), 22 A general scheme of synthesis can be defined for the NO donor phenol hybrids (Scheme 1a). The common pathway starts with 1) the protection of the hydroxy group of the phydroxybenzaldehyde; 2) the elongation of the spacer carbon chain through a modified Wittig reaction affording the corresponding α,β-unsaturated esters; 3) the reduction of these products to obtain, first the saturated esters and then the related alcohols; 4) the selective displacement by the corresponding alcolates of the 4-phenylsulfonyl group of the 3,4-diphenylsulfonylfuroxan to yield the final protected hybrids; 5) the cleavage of the protection in acidic conditions to produce the expected final compounds.
The derivative bearing the chromanic substructure present in Vitamin E was synthetised starting from the ethyl ester of the commercially available carboxylic acid Trolox ® . This ester was 1) protected on the phenol function, 2) reduced to the corresponding alcohol, 3) joined to the furoxan moiety, 4) deprotected to the final product (Scheme 1b). 
Biological characterization
All the phenol substituted furoxan hybrids as well as reference phenolic and furoxan compounds are assessed for antioxidant and vasodilating properties in vitro.
Antioxidant activity
The compounds are evaluated as inhibitors of ferrous salt/ascorbate induced lipidic peroxidation of membrane lipids of rat hepatocytes. 24 The progress of the peroxidation was followed by visible spectroscopy detection of 2-thiobarbituric acid reactive substances (TBARS) which are the final metabolites of the autoxidation. All the products are able to inhibit the lipid oxidation in a dose dependent manner. The potencies as antioxidants of these compounds (IC 50 ) are collected in Table 1 along with those of the parent phenols. The hybrid products show potencies near to those of the reference phenols, with only a partial exception of the unsubstituted phenolic derivative whose antioxidant activity is improved with respect to the reference phenol. It is noteworthy that the NO-donor furoxan CHF2363 also displays an antioxidant action.
Vasodilating activity
The assay employed is the dose-dependent vasodilation of endothelium-denuded rat aorta strips precontracted with 1µM phenylephrine. cGMP dependence of vasodilation is confirmed by decrease in the potency observed when repeating the experiments in the presence of 1H- [1, 2, 4] oxadiazolo [4,3-a] quinoxalin-1-one (ODQ), a well known inhibitor of the sGC. Vasodilating potencies are expressed as EC 50 and reported in Table 1 . 
Results and Discussion
A comparison between the IC 50 and EC 50 values shows that in this series of products the vasodilating action prevails over the antioxidant activity. Work is in progress in order to obtain products with better balanced antioxidant and vasodilating activities. All the products reported in this preliminary paper could be of value as potential antiatherosclerotic agents and they are worthy of further in vivo investigations. From this screening a new interesting aspect of the
